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In this paper, we use the latest Higgs measurements from ATLAS and CMS to constrain the
parameter space of the model of Schmaltz, Stolarski and Thaler, a Little Higgs model with two
Higgs doublets, which we will refer to as the BLH model. We account for all production and decay
modes explored at ATLAS and CMS in two scenarios: a general case, which assumes the h0 state is
light (mh0 ≈ 125 GeV) and the masses of the other neutral scalars (H0 and A0) are allowed to vary,
and a case with a near-degeneracy between the masses of the h0 and A0 and, for some choices of
parameters, the H0 states. The near-degeneracy scenario can result in an enhanced diphoton rate,
as measured by ATLAS, but is largely ruled out by a combination of the h0 → τ+τ− and the heavy
H0 →W+W− measurements. In the general case, we find large regions of parameter space that are
in better agreement with either the ATLAS or CMS results than is the SM. However, a significantly
enhanced diphoton rate is only possible through large contributions to the h0γγ effective coupling
from charged Higgs bosons in a region of parameter space that borders on violation of perturbativity
in the scalar sector.
PACS numbers: 12.15.Ji, 12.60.-i, 12.60.Fr, 14.80.-j
I. INTRODUCTION
After analyzing the results from approximately 5 fb−1
of integrated luminosity at both 7 TeV and 8 TeV centre-
of-mass collision energies, both ATLAS and CMS re-
vealed the discovery of a new resonance in the γγ,
ZZ∗ → 4l and WW ∗ → l+l− 6ET decay channels, con-
sistent with a Higgs boson at a mass of approximately
125 GeV, with a combined significance of more than 5σ
[1, 2]. Now that the remaining 8 TeV collision data,
corresponding to approximately 20 fb−1 of integrated lu-
minosity, has been analyzed, this new state continues to
be consistent with a Higgs boson. However, there are
indications that its branching ratios might deviate from
those of the Standard Model (SM) Higgs boson, partic-
ularly in the diphoton decay rate that is sensitive to the
presence of new physics [3, 4]. More data will be needed
for precise determination of the branching ratios.
Prior to Moriond 2013, both the CMS and the AT-
LAS experiments found an enhancement in the diphoton
signal strength, without significant deviations from SM
values in the ZZ∗ and WW ∗ signal strengths [3, 5–11].
Following Moriond 2013, CMS updated their diphoton
analysis with results that were in better agreement with
the SM predictions [12]. Of interest, however, is that AT-
LAS [13, 14] still observes an excess in the diphoton rate
at a significance of approximately 2σ; and the ATLAS
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diphoton resonance provides a best fit invariant mass for
the Higgs boson that is larger than the measured reso-
nance mass for the ZZ∗ final state (126.8 GeV versus
124.3 GeV).
Beyond the Standard Model physics may be signifi-
cantly constrained by comparing its predictions to the
measured mass and the various measured signal strengths
(µˆ) of the Higgs-like state. In general, vector boson fu-
sion (VBF), vector boson associated production (VH),
and the ZZ∗/WW ∗ decay modes are sensitive to mod-
ifications of the Higgs boson couplings to gauge bosons;
top quark associated production (ttH) and the fermion
decay modes are sensitive to modifications of the Higgs
boson couplings to fermions; and gluon fusion (ggF) and
the diphoton (γγ) and Zγ loop-induced decay modes are
sensitive to the presence of new coloured and electrically
charged states, respectively, that couple to the Higgs bo-
son, as well as modifications to the hW+W− and htt¯
couplings.
In general, Little Higgs models without T -parity are
more highly constrained by precision electroweak mea-
surements than by the LHC Higgs results [15, 16], while
T -parity models are primarily constrained by relic abun-
dance considerations [17] and LHC search results [18].
The recent non-T -parity Little Higgs model of Schmaltz,
Stolarski and Thaler, which we will refer to as the BLH
model [19], is not as constrained by precision measure-
ments due to the presence of a custodial symmetry and a
disassociation of the masses of the top partner and heavy
gauge boson states.
The BLH model features a global SO(6)A × SO(6)B
symmetry that is broken to a diagonal SO(6)V at a scale
f ∼ O(TeV) when a non-linear sigma field, Σ, devel-
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2ops a vev (〈Σ〉 = 11). The resulting 15 pseudo-Nambu
Goldstone bosons are parameterized as two real SU(2)L
triplets, φa and ηa (a = 1, 2, 3), two complex Higgs dou-
blets, h1 and h2, and a real singlet σ. A general two Higgs
doublet potential is generated in part explicitly and in
part radiatively, where the quartic coupling for the Higgs
arises when integrating out the heavy scalar singlet, σ.
A second global symmetry of the form SU(2)C×SU(2)D
is also present, and is broken to a diagonal SU(2) at a
scale F > f when a second non-linear sigma field, ∆, de-
velops a vev (〈∆〉 = 1 ). To connect these two non-linear
sigma models, the SU(2)LA ⊂ SO(6)A and SU(2)C sym-
metries are gauged with the same SU(2)A gauge bosons,
while the SU(2)LB ⊂ SO(6)B and SU(2)D symmetries
are gauged with the same SU(2)B gauge bosons. The di-
agonal subgroup of SU(2)A × SU(2)B is then identified
as the Standard Model SU(2)L. Meanwhile, the diagonal
combination of SU(2)RA×SU(2)RB ⊂ SO(6)A×SO(6)B
is gauged by the hypercharge U(1)Y , while leaving the ∆
sector unchanged. This symmetry breaking leads to an
extra heavy gauge boson triplet (Z ′, W ′±), with large
squared masses proportional to f2 + F 2, which reduces
their contribution to precision electroweak observables.
Fermions in the BLH model, including the newly intro-
duced top partners (T , B, T
2/3
b , T
5/3
b , T5 and T6), only
transform under the global SO(6)A×SO(6)B . This leads
to top partners with masses proportional only to the scale
f , lighter than the heavy gauge bosons, and results in a
lesser degree of fine tuning than in other Little Higgs
models [15, 19].
The BLH model has a large parameter space, allowing
for a wide range of experimental signatures that could
potentially reproduce either the CMS or the ATLAS re-
sults. Since the BLH model is a Type I two Higgs dou-
blet model (2HDM), it also presents the possibility for
a near-degeneracy between two or three physical scalar
fields (h0, H0 and A0), which would have a large effect
on the measured signal rates of the observed scalar res-
onance. In particular, since a CP-odd scalar (A0) boson
does not couple directly to pairs of gauge bosons (WW ∗
and ZZ∗), it is possible for a (nearly) degenerate CP-
odd scalar to contribute to the diphoton rate without
affecting these signal strengths. Type I 2HDM are not as
strongly affected by meson factory constraints as Type
II 2HDM [20], and so the near-degenerate case presents
a very interesting possibility that we explore in this pa-
per. Although this scenario can lead to an enhancement
in µγγ , it also leads to a large enhancement in µττ . As
we will show, this effectively rules out the entirety of the
near-degenerate scenario.
Alternatively, the large number of new vector boson,
fermion and scalar fields in the BLH model can contribute
to the loop-induced production and decay modes of a
light Higgs boson. These additional states can also re-
produce the observed enhancement of the diphoton rate
without significantly affecting the non-loop-induced cou-
plings [21]. Furthermore, mixing between flavour eigen-
states in the BLH model further leads to modifications of
the couplings from the normal SM expressions that can
also result in changes to the Higgs boson signal strengths.
These three features (extra Higgs states, new gauge and
fermion states, modified couplings) combined lead to the
possibility of large variances in the Higgs boson signal
strength rates, and the potential to reproduce either the
ATLAS or CMS measurements.
In this paper, we explore the Higgs results in the BLH
model, accounting for all production and decay modes
explored separately by ATLAS and CMS, in two scenar-
ios: a general case, which assumes the h0 state is light
(≈ 125 GeV) and the masses of the other states (H0 and
A0) are allowed to vary, and a second case with a near-
degeneracy between the masses of the h0 and A0 fields.
The masses of the h0 and A0 fields are input parameters
for the model, while the H0 mass is calculated from these
input parameters and from the values of tanβ, the ratio
of the vacuum expectation values of the two Higgs dou-
blets, and v (see Eq. 16). Therefore, the H0 state may
or may not be similarly near-degenerate in the latter sce-
nario, depending on the values of the input parameters
(mh0 ,mA0 , tanβ, v). These two regions are not orthogo-
nal, as the general scenario does allow for the possibility
of near degeneracy in the masses of the A0 and H0 states;
this will be discussed further in Sec. IV B. In Sec. II, we
describe the formalism we use in our calculations of the
Higgs results, while in Sec. III we describe the details of
the BLH model that are relevant to our calculations. In
Sec. IV, we compare the BLH model predictions to the
measured results from ATLAS and CMS in both scenar-
ios. We summarize our results in Sec. V.
II. CALCULATIONS
A. Production and Decay
As shown in [22–24], the scalar interactions of a Little
Higgs model Lagrangian can be normalized to the form
of the SM expressions by introducing scaling factors yi,
such that
Lh = −
∑
f
CS0f¯fS0f¯f +
∑
V
CS0V V S0V
†V −
∑
S
CS0SSS0S
†S +
∑
S′,V
gS0S′V S0S
′†V µ(p0 − p′)µ
3= −
∑
f
mf
v
yS0f¯fS0f¯f +
∑
V
2
m2V
v
yS0V V S0V
†V −
∑
S
2
m2S
v
yS0SSS0S
†S +
∑
S′,V
gS0S′V S0S
′†V µ(p0 − p′)µ (1)
for fermion species f , vector bosons V and scalars S. The
S0 label denotes the h0, H0, and A0 (with an appropriate
γ5 factor) for the fermion interactions, and the h0 and H0
for the vector boson and scalar boson interaction terms.
The parameters (v, mi, Ci, yi) are model dependent. The
expression for the vev, v, will be discussed further in Sec.
III.
A Higgs boson of approximately 125 GeV decays pre-
dominantly to pair produced, kinematically accessible
states, such as bb¯ and τ+τ−, and to one on-shell and
one off-shell vector boson (ZZ∗ and WW ∗). Decays to
diphotons, digluons and Zγ also occur through loop in-
teractions [22]. In the BLH model, all three physical
Higgs states (h0, H0 and A0) can decay to light fermions
and to loop-induced final states, but only the CP-even
states (h0 and H0) can decay to pairs of weak gauge
bosons, as shown in Figures 1, 2 and 3. In our calcu-
lations, we account for the contributions from all three
Higgs states, and include all new particle states of the
model that contribute to the loop diagrams.
When the scalar couplings are expressed in the form of
Eq. 1, the partial decay widths of the S0 = h0, A0, H0 can
be written in terms of the SM calculated values (we use
the values calculated in [25]) multiplied by some com-
bination of scaling factors. For direct decays, this is
straightforward. For loop-induced decays the scaling fac-
tors must also include the loop factors. The direct decays
are given by
Γ(S0 → bb¯)BLH = rS0bb¯ Γ(S0 → bb¯)SM
Γ(S0 → cc¯)BLH = rS0cc¯ Γ(S0 → cc¯)SM
Γ(S0 → τ+τ−)BLH = rS0ττ Γ(S0 → τ+τ−)SM
Γ(S0 → ZZ∗)BLH = rS0ZZ Γ(S0 → ZZ∗)SM
Γ(S0 →WW ∗)BLH = rS0WW Γ(S0 →WW ∗)SM(2)
where
rS0bb¯ ≡
(
yS0bb¯
yv
)2
rS0cc¯ ≡
(
yS0cc¯
yv
)2
rS0ττ ≡
(
yS0ττ
yv
)2
rS0ZZ ≡
(
yS0ZZy
2
Zf¯f
yv
)2
rS0WW ≡
(
yS0WW y
2
Wf¯f ′ymW
yv
)2
. (3)
Z (W)
Z* (W*)
f
f
h  , H  , A0 0 0 h  , H0 0
FIG. 1: Direct decay modes of the h0, H0 and A0 states.
The factor yv accounts for the differences between the vev
in the BLH model and the SM vev, such that v = yvvSM ,
and is discussed in further detail in the following section.
The factor ymW ≡ mBLHW /mSMW is the ratio of the W
boson mass calculated in the BLH model and in the SM,
and appears when making the replacement g = 2mW /v
in the expression for the S0 →WW ∗ partial width [26].
The factors of yV f¯f are given by
yWf¯f ′ = (g
BLH
Wf¯f ′)L/(g
SM
Wf¯f ′)L and yZf¯f =√
((gBLH
Zf¯f
)2L + (g
BLH
Zf¯f
)2R)/((g
SM
Zf¯f
)2L + (g
SM
Zf¯f
)2R), and
account for differences in the expressions of the cou-
plings of the light vector bosons to fermions in the BLH
model. For our chosen parameter values, we found that
these factors amount to at most a 1% correction to the
Zf¯f and Wf¯f ′ couplings. Although these corrections
are numerically small, it is appropriate to include them
when the experimental measurements rely on leptonic
decay modes of the vector bosons. Thus, we account
for Z → l+l− and W± → l±νl decays (l = e, µ) in
the calculation of the ZZ∗ and WW ∗ decay widths,
corresponding to the experimental results from ATLAS
and CMS [3, 5–11]. Likewise, the Z → l+l− decay
(l = e, µ) is taken into account in the Zγ channel as
measured by ATLAS and CMS [27, 28], by including a
factor of y2
Zf¯f
in the expression for Γ(S0 → Zγ)BLH in
Equations 4 and 5 below.
The expressions for the partial widths of the loop-
induced decay modes are given by
Γ(S0 → γγ)BLH = rS0γγΓ(S0 → γγ)SM
Γ(S0 → Zγ)BLH = rS0ZγΓ(S0 → Zγ)SM
Γ(S0 → gg)BLH = rS0ggΓ(S0 → gg)SM (4)
4where
rS0γγ ≡
∣∣∣∣∣∣
∑
fSM
ABLHf,γγ +A
BLH
W,γγ +A
BLH
new,γγ
∣∣∣∣∣∣
2
y2v
∣∣∣∣∣∣
∑
fSM
ASMf,γγ +A
SM
W,γγ
∣∣∣∣∣∣
2
rS0Zγ ≡
∣∣∣∣∣∣
∑
fSM
ABLHf,Zγ +A
BLH
W,Zγ +A
BLH
new,Zγ
∣∣∣∣∣∣
2
y2v
∣∣∣∣∣∣
∑
fSM
ASMf,Zγ +A
SM
W,Zγ
∣∣∣∣∣∣
2 y
2
Zf¯f
rS0gg ≡
∣∣∣∣∣∑
qSM
ABLHq,gg +A
BLH
new,gg
∣∣∣∣∣
2
y2v
∣∣∣∣∣∑
qSM
ASMq,gg
∣∣∣∣∣
2 (5)
In this form, the ABLHnew terms in each channel account
for the contributions from loops involving only the new
(non-SM) particles of the BLH model. Thus, we find the
expressions
ABLHnew,γγ =
∑
f
ABLHf,γγ +A
BLH
W ′,γγ +
∑
S
ABLHS,γγ
ABLHnew,Zγ = 2
∑
f
ABLHf,Zγ +A
BLH
W ′,Zγ + 2
∑
S
ABLHS,Zγ
ABLHnew,gg =
∑
f
ABLHf,gg . (6)
The expressions for the A terms in the BLH model are
given by [29, 30]:
ABLHf,γγ ≡ yS0f¯f Q2f Nfc Ff (τf )
ABLHV,γγ ≡ yS0V V Q2V FV (τV )
ABLHS,γγ ≡ yS0SS Q2S FS(τS)
ABLHf,Zγ ≡ yS0f¯f
[
(gBLHZf¯f )L + (g
BLH
Zf¯f )R
]
QfN
f
c Ff (τf , λf )
ABLHV,Zγ ≡ yS0V V gBLHZV V QV FV (τV , λV )
ABLHS,Zγ ≡ yS0SS gBLHZSS QS FS(τS , λS)
ABLHf,gg ≡ yS0f¯f Ff (τf ), (7)
where the SM expressions from the denominators in Eq.
5 can be found by setting the yi scaling factors in Eq.
7 to unity. In these expressions, Q is the electric charge
of the particle, and Nc is the number of colours (3 for
quarks, 1 for leptons). The form factors Ff (τf ), FV (τV )
and FS(τS) (and similarly for Ff (τf , λf ), FV (τV , λV ) and
FS(τS , λS)) are found by integrating over the fermion (f),
gauge boson (V ) and scalar (S) loops, respectively. These
are given by [29, 30]:
Ff (τ) =
{
2τ(1 + (1− τ)f(τ)) for S0 = h0, H0
2τf(τ) for S0 = A0
FV (τ) = −(2 + 3τ + 3τ(2− τ)f(τ))
FS(τ) = −τ(1− τf(τ))
Ff (τ, λ) =
{
I1(τ, λ)− I2(τ, λ) for S0 = h0, H0
−I2(τ, λ) for S0 = A0
FV (τ, λ) = 4(3− tan2 θw)I2(τ, λ)
+((1 + 2τ−1) tan2 θw − 5− 2τ−1)I1(τ, λ)
FS(τ, λ) = −I1(τ, λ) (8)
where
I1(x, y) =
xy
2(x− y) +
x2y2
2(x− y)2 (f(x)− f(y))
+
x2y
(x− y)2 (g(x)− g(y))
I2(x, y) = − xy
2(x− y) (f(x)− f(y))
f(x) =

[arcsin(1/
√
x)]
2
, x ≥ 1
−1
4
[
ln
(
1 +
√
1− x
1−√1− x
)
− ipi
]2
, x < 1
g(x) =

√
x− 1 arcsin(1/√x), x ≥ 1√
1− x
2
[
ln
(
1 +
√
1− x
1−√1− x
)
− ipi
]
, x < 1
(9)
In the above, τf,V,S ≡ 4m2f,V,S/m2S0 and λf,V,S ≡
4m2f,V,S/m
2
Z , for field f , V or S, with corresponding mass
mf,V,S . In the limit that τi  1, these factors approach
the values of Ff → 4/3, FV → −7, and FS → 1/3.
In the BLH model, it is useful to consider the con-
tributions of each of three sectors - gauge, fermion and
scalar - to the diphoton rate. This can be performed by
summing up all contributing states Shγγ−G =
∑
ABLHV,γγ ,
Shγγ−F =
∑
ABLHf,γγ and Shγγ−S =
∑
ABLHS,γγ . The rela-
tive value and sign of these terms, Shγγ−G, Shγγ−F , and
Shγγ−S , represent the size of the contribution of that sec-
tor of particle states to the diphoton effective coupling.
The diphoton effective coupling is dominated by gauge
boson loops in the SM, with a sub-dominant contribu-
tion from fermions (predominantly the top quark). This
is not expected to change significantly in the BLH model
in regions of parameter space that produce SM-like signal
strength ratios. The reason for this is that, for example,
a decrease in the gauge contribution to the diphoton rate
would likely correspond to a smaller W+W− rate, as-
suming a negligible contribution from the heavy W ′.
5γ
γ
h  , H  0 0
H  , η  , φ  + + +
H  , η  , φ  − − −
H  , η  , φ  + + +
γ
γ
f
f
f
h  , H  , A0 0 0
W  /+ W’+
W  /− W’−
W  /+ W’+
γ
γ
h  , H  0 0
W  /+ W’+
W  /− W’−
h  , H  0 0
γ
γ
γ
γ
h  , H  0
H  , η  , φ  + + +
H  , η  , φ  − − −
FIG. 2: Loop diagrams contributing to decays to pairs of photons, where f refers to all fermions with an electric charge,
including heavy, vector-like quark states. Similar diagrams exist for the Zγ final state, where one of the photons is replaced by
a Z boson.
g
g
h  , H  , A0 0 0
f
f
f
FIG. 3: Loop diagrams contributing to decays to pairs of
gluons, where f refers to all fermions with a colour charge,
including heavy, vector-like quark states. This is also the
process for the gluon-fusion production mode.
For new fields whose masses are proportional to f or
F , such as the new vector-like quarks and heavy gauge
bosons in the BLH model, the scaling factors behave as
yi ∝ (v/f)k, where k ≥ 1. Thus, while the factor of Fi(τ)
may increase in magnitude with increasing mass of the
new state, the scaling factor, yi, decreases at a faster rate,
and very high mass states typically have only a small con-
tribution to the loop factors. It is also possible that loops
involving both W± and W ′± or φ± and η± contribute to
the S0 → γγ and S0 → Zγ decay widths due to vertices
of the form of hW+W ′− and hφ+η−. However, since the
γW+W ′− and γφ+η− couplings of the BLH model are
suppressed at O(v2/f2), these mixed loops can be safely
neglected in this model.
In addition to the decays discussed above, the heavy
CP-even scalar, H0, and the CP-odd scalar, A0, of the
BLH model, when kinematically allowed, may also de-
cay to top quarks (H0, A0 → tt¯(∗)), pairs of scalars
(H0 → hh(∗), A0A(∗)0 , H+H−(∗)), or a scalar and a gauge
boson (H0 → A0Z(∗), H±W∓(∗) and A0 → hZ(∗), where
in the case of off-shell decays, Z∗ → ff¯ and W ∗ → ff¯ ′)
[31]. These decays have the effect of lowering the H0
and A0 branching ratios to the standard modes consid-
ered above. Hence, their contributions to the Higgs sig-
nal strengths under consideration in this study are low-
ered, particularly for H0 and A0 masses above roughly
200-300 GeV [31]. Thus, it is important to include their
effects in our analysis.
The partial widths for the top quark decays of S0 =
H0, A0 were calculated using the data from [25], scaled
in a similar manner as the direct decays of Equations 2
and 3:
Γ(S0 → tt¯)BLH = βpt
(
yS0tt¯
yv
)2
Γ(S0 → tt¯)SM (10)
where βt ≡
√
1− 4m2t/m2S0 and p = 0(−2) for S0 =
H0(A0) is an additional factor that accounts for the dif-
ference in kinematics of the CP-even H0 and CP-odd A0
decays.
The scalar-scalar and scalar-gauge partial widths were
calculated using HDECAY [32] in a generic 2HDM us-
ing the mixing angle parameters α2HDM = −0.14 and
tanβ2HDM = 1.5 for a range of scalar masses from
125 GeV to 1200 GeV in 5 GeV increments. To calculate
the widths for a particular set of BLH model parame-
ters, interpolation was used on the discrete set of 2HDM
widths and the results were scaled according to
Γ(H0 → A0Z)BLH = rHAZ Γ(H0 → A0Z)2HDM
Γ(H0 → H±W∓)BLH = rHHW Γ(H0 → H±W∓)2HDM
Γ(H0 → hh)BLH = rHhh Γ(H0 → hh)2HDM
Γ(H0 → A0A0)BLH = rHAA Γ(H0 → A0A0)2HDM
Γ(H0 → H+H−)BLH = rHHH Γ(H0 → H+H−)2HDM
Γ(A0 → hZ)BLH = rAhZ Γ(A0 → hZ)2HDM (11)
6g
g
t
t
h  , H  , A0 0 0
t
t
g
g
h  , H  , A0 0 0
q
W ,  Z
q’
+
q’
W ,  Z
q
−
h  , H  0 0
q
q’
W ,  Z± W ,  Z±
h  , H  0 0
ttH
VBF
VH
FIG. 4: Subdominant production modes for Higgs bosons at the LHC - vector boson fusion (VBF), associated production with
a vector boson (VH), and associated production with top quarks (ttH).
where
rHAZ ≡
(
(gH0A0Z)BLH
(gH0A0Z)2HDM
)2
rHHW ≡
(
(gH0H±W∓)BLH
(gH0H±W∓)2HDM
)2
rHhh ≡
(
(gH0hh)BLH
(gH0hh)2HDM
)2
rHAA ≡
(
(gH0A0A0)BLH
(gH0A0A0)2HDM
)2
rHHH ≡
(
(gH0H+H−)BLH
(gH0H+H−)2HDM
)2
rAhZ ≡
(
(gA0hZ)BLH
(gA0hZ)2HDM
)2
(12)
where the expressions for the 2HDM couplings, g2HDM ,
used in HDECAY are written in Appendix E of [33]. We
have verified that these couplings agree with those listed
in Appendix A of [22]. The couplings, gBLH , of the BLH
model are directly related to the scaling factors, yi, and
are listed in Eq. 21 and 28 of Section III.
Expressions similar to those for the decay modes exist
for the production modes. At the LHC, the primary pro-
duction mode is through gluon-gluon fusion (ggF), which
occurs via the reverse of the diagram in Figure 3. The
other production mechanisms at the LHC include vector
boson fusion (VBF), associated production with a vector
boson (VH), and associated production with top quarks
(ttH). The diagrams for these subdominant processes are
given in Fig. 4.
In the BLH model, the cross sections are modified from
the SM expressions in a similar manner as the decay
widths, and can be expressed as a multiplicative factor
times the SM values, such as:
σ(ggF )BLH = rS0gg σ(ggF )SM
σ(V BF )BLH = (y
2
S0WW y
2
mW /y
2
v)σ(V BF )SM
σ(WH)BLH = (y
2
S0WW y
2
mW /y
2
v)σ(WH)SM
σ(ZH)BLH = (y
2
S0ZZ/y
2
v)σ(ZH)SM
σ(V H)BLH = σ(WH)BLH + σ(ZH)BLH
σ(ttH)BLH = y
2
S0tt¯
σ(ttH)SM (13)
The factor modifying the gluon fusion production mode,
rS0gg, is the same as for the gg decay mode, defined in Eq.
5. Since ymW ≈ 1 and yS0WW = yS0ZZ in the BLH model
due to custodial symmetry, the VBF and VH expressions
are essentially independent of whether the gauge boson
is a Z or a W .
7III. MODEL DETAILS AND COUPLINGS
The following subsections deal with the deter-
mination of the scaling factors, yi, for all neutral
Higgs states (h0, H0, A0) coupling to the charged
scalars (H±, φ±, η±), the gauge bosons (Z,W±,W ′±),
the SM fermions, and the additional fermions
(T,B, T
2/3
b , T
5/3
b , T5, T6) of the BLH model.
A. Scalar Sector
The BLH model Higgs fields, h1 and h2, form a two
Higgs doublet potential that undergoes spontaneous sym-
metry breaking. The most basic form of this potential is
given below as in [19], and is sufficient to understand
EWSB in the model:
V =
1
2
m21h
T
1 h1+
1
2
m22h
T
2 h2−BµhT1 h2+
λ0
2
(hT1 h2)
2. (14)
In this form, each of the Higgs “doublets” are written as
4’s of SO(4), which have the same degrees of freedom
and hypercharge values as the standard two Higgs dou-
blets from [34]. Additionally, while there are other quar-
tic terms present in the BLH model (namely (hT1 h1)
2,
(hT2 h2)
2, (hT1 h1)(h
T
2 h2), and (h
T
1 h1+h
T
2 h2)(h
T
1 h2)), their
coefficients are generated at loop level and do not signif-
icantly affect the details of electroweak symmetry break-
ing. As these terms have a small effect on the diagonal-
ization, they are ignored in the determination of the mass
eigenstates. They are not ignored in the determination
of the couplings, however, as they comprise the dominant
contribution to the interactions of the scalar triplets with
the Higgs fields.
The parameters in this potential are generated in part
explicitly and in part radiatively, as with other Little
Higgs models, and spontaneous symmetry breaking oc-
curs for parameter values that satisfy Bµ > m1m2. The
minimization condition is achieved by shifting the first
component of each of h1 and h2 by a respective vacuum
expectation value (vev), v1 and v2. These vevs can be pa-
rameterized by a mixing angle, tanβ = v1/v2 = m2/m1,
where v =
√
v21 + v
2
2 is related to the Standard Model
vev via the relation v = yvvSM (the expression for yv
will be addressed in the next subsection).
Diagonalizing the mass matrix for the scalar sector re-
sults in three physical neutral scalar fields (h0, H0 and
A0, along with the unphysical G0), and two physical
charged scalar fields (H±, along with the unphysicalG±),
parameterized by an angle α such that
h1[1] = cosαh0 − sinαH0 + v sinβ
h2[1] = sinαh0 + cosαH0 + v cosβ
h1[2] = − cosβ A0 + sinβ G0
h2[2] = + sinβ A0 + cosβ G0
h±1 = − cosβ H± + sinβ G±
h±2 = + sinβ H
± + cosβ G±. (15)
The four parameters in the Higgs potential (m1, m2,
Bµ and λ0) can be replaced by a more phenomenolog-
ically accessible set consisting of the masses of the h0
and A0 states, along with the mixing angle β and the
vev, v. In this parameterization, we find the following
expressions:
λ0 =
m2h0
v2
(
m2h0 −m2A0
m2h0 − sin2(2β)m2A0
)
Bµ =
1
2
(m2A0 + v
2λ0) sin(2β)
tanα =
Bµ cot(2β) +
√
B2µ/ sin
2(2β)− 2λ0Bµv2 sin(2β) + λ20v4 sin2(2β)
Bµ − λ0v2 sin(2β)
m2H± = m
2
A0 = m
2
1 +m
2
2
m2H0 =
Bµ
sin(2β)
+
√
B2µ
sin2(2β)
− 2λ0Bµv2 sin(2β) + λ20v4 sin2(2β)
m2σ = (λ56 + λ65)f
2 ≡ 2λ0f2Kσ . (16)
Since the quartic interaction, with coupling λ0, is pro-
duced when the heavy singlet state (σ) is integrated out,
it is related to the fundamental parameters λ56 and λ65
via λ0 = 2λ56λ65/(λ65 + λ56). The parameters λ56 and
λ65 are the coefficients of the quartic potential, defined in
Eq. 9 of [19], and must both be non-zero to achieve col-
lective symmetry breaking and generate a Higgs quartic
coupling. Rather than expressing m2σ in terms of these
two free parameters, we instead choose to parameterize it
in terms of λ0 and a single free parameter, Kσ, as shown
8in the last line of Eq. 16.
There exist a number of theoretical constraints that
can be placed on these parameters, primarily due to per-
turbativity requirements. The value of the mixing angle
β is limited by two constraints, the first of which is the
requirement that λ0 < 4pi, leading to an upper bound of
tanβ <
√√√√√√√√
2 + 2
√(
1− m
2
h0
m2
A0
)(
1− m
2
h0
4piv2
)
m2
h0
m2
A0
(
1 +
m2
A0
−m2
h0
4piv2
) − 1 (17)
A lower bound also exists, and is set by examining the
radiatively-induced contributions to m1 and m2 in the
model, which suggest that tanβ >∼ 1 [19]. Furthermore,
there are limits on Kσ from requiring that λ56/65 are real
valued and < 4pi, such that
λ56/65 =
1
2f2
(m2σ ±
√
m4σ − 2f2m2σλ0) , (18)
which leads to the bounds
1 < Kσ <
16pi2
λ0(8pi − λ0) . (19)
The BLH model also contains two physical, real
triplets, with charged fields φ± and η± that are rele-
vant to the diphoton and Zγ decay modes. These scalar
triplet fields obtain a contribution to their mass from the
explicit symmetry breaking terms in the model, as de-
fined in Eq. 38 of [19], that depend on the parameter
m4 ∼ 10 GeV. However, their masses are dominated by
contributions from the Coleman-Weinberg potential in-
volving gauge boson loops for φ± and hypercharge boson
loops for η±. The dominant contributions to their masses
are given by
m2φ± ≈ κG
3
32pi2
g2Ag
2
B
(
1− v
2
2f2
F 2
f2 + F 2
)
(f2 + F 2)
× log
(
Λ2
m2W ′
)
m2η± ≈ κY
3
16pi2
g′2
(
1− v
2
2f2
)
Λ2, (20)
where Λ ≈ 4pif is the compositeness scale, and κG and
κY are taken as O(1) factors that account for the de-
tails of the cancellation of the gauge logarithmic, and
hypercharge quadratic divergent loops, respectively, at
the scale Λ. In our calculations, we take into account
all contributions up to O(v2/f2), including the subdomi-
nant explicit symmetry breaking mass terms [19], but do
not show them here for brevity. The factors gA and gB
are the gauge couplings for SU(2)A and SU(2)B , respec-
tively, which will be discussed in further detail in Section
III B.
The scaling factors for the charged scalar interactions
are given by
yh0η+η− ≈ −(cβsα + cαsβ)
v2
2f2
= −sα+β v
2
2f2
yH0η+η− ≈ −(cβcα − sαsβ)
v2
2f2
= −cα+β v
2
2f2
yh0φ+φ− ≈ −(cβsα + cαsβ)
v2F 2
2f2(f2 + F 2)
= −sα+β v
2F 2
2f2(f2 + F 2)
yH0φ+φ− ≈ −(cβcα − sαsβ)
v2F 2
2f2(f2 + F 2)
= −cα+β v
2F 2
2f2(f2 + F 2)
yh0H+H− ≈
v2
(768f2m2A0pi
2)
(
−9κGF 2g2Ag2B log
[
Λ2
m2W ′
]
(cβsα + cαsβ)− 32κSλ0m2σ log
[
Λ2
m2σ
]
(3cβsα + 2cαsβ)
+128pi2cβsβ(−6f2λ0(cαcβ + sαsβ) +m2A0(cαcβ − sαsβ)(c2β − s2β))
)
yH0H+H− ≈
v2
(768f2m2A0pi
2)
(
9κGF
2g2Ag
2
B log
[
Λ2
m2W ′
]
(cβcα − sαsβ) + 32κSλ0m2σ log
[
Λ2
m2σ
]
(3cβsα + 2cαsβ)(c
2
β − s2β)
+128pi2cβsβ(−6f2λ0(cβsα − cαsβ) +m2A0(cβsα + cαsβ)(c2β − s2β))
)
yH0A0A0 ≈
v2
(768f2m2A0pi
2)
(
9κGF
2g2Ag
2
B log
[
Λ2
m2W ′
]
(cβcα − sαsβ) + 32κSλ0m2σ log
[
Λ2
m2σ
]
(3cβsα + 2cαsβ)(c
2
β − s2β)
+36κY g
2 tan2 θwΛ
2(cβcα − sβsα) + 128pi2cβsβ(−6f2λ0(cβsα − cαsβ) +m2A0(cβsα + cαsβ)(c2β − s2β))
)
9yH0h0h0 ≈
v2
(768f2m2hpi
2)
(
9κGF
2g4 cot2 θg log
[
Λ2
m2W ′
]
(cβcα − sαsβ)
+96κSλ0m
2
σ log
[
Λ2
m2σ
]
(cβcα − sβsα + sαcα(sβcα − cβsα)) + 12κY g2 tan2 θwΛ2(cβcα − sβsα)
−3072pi2cβsβ(f2λ0(cβcα − sβsα + 3sαcα(sβcα − cβsα)) +m2A0((c2α − s2α)(cβsα + sβcα)))
)
(21)
where cθ = cos θ, sθ = sin θ, and tθ = tan θ, for θ = β
and α + β. The factor of κS is also taken as an O(1)
factor that accounts for the details of the cancellation of
the logarithmic divergence involving scalar loops. Here
we have also neglected contributions from higher orders
in the expansion of v/f , and terms proportional to the
small explicit symmetry breaking parameters in the BLH
model [19].
B. Gauge Sector
The gauge couplings gA and gB , associated with
SU(2)A × SU(2)B , can be parameterized in a more
phenomenological fashion in terms of a mixing angle
θg (tan θg ≡ gA/gB) and the SU(2)L gauge coupling,
g = gAgB/
√
g2A + g
2
B . Furthermore, g and g
′, the gauge
coupling associated with the U(1)Y symmetry, can be
parameterized as in the SM in terms of the fundamen-
tal charge, e, and the weak mixing angle, θw, such that
sin θw = g
′/
√
g2 + g′2, and e = g sin θw.
The masses of the gauge bosons in the BLH model are
given by:
m2W =
g2v2
4
y2mW
m2Z =
g2v2
4c2w
y2mW
m2W ′ =
g2
4c2gs
2
g
(f2 + F 2)−m2W
m2Z′ = m
2
W ′ +
g2s2wv
4
16c2w(f
2 + F 2)
(c2g − s2g)2 (22)
where
y2mW = 1−
v2
6f2
(
1 +
3
2
f2
f2 + F 2
(c2g − s2g)2
)
(23)
and cg = cos θg and sg = sin θg. While both m
2
W and m
2
Z
obtain corrections of O(v4/f2), which do not vanish as
F →∞, the model retains custodial symmetry and such
factors cancel out in their contribution to the ρ param-
eter. Additionally, corrections to the Zf¯f couplings are
proportional to v2/(f2 + F 2), and do vanish for F →∞
[19].
We use the experimental value of the fine struc-
ture constant, αEM , to determine the value of e (=√
αEM/4pi), and calculate v and sin θw from the experi-
mental values of GF and the pole mass of the Z boson,
by exploiting the custodial symmetry relation, ρ = 1.
Accounting for the contributions from the W and W ′ in
the process µ → eν¯eνµ, gives an expression for the vev,
v, in terms of the SM vev, such that
v = yv vSM (24)
where
yv = 1 +
v2SM
12f2
(
1 +
f2
2(f2 + F 2)
(3 + 12(c2g − s2g))
)
.
(25)
Combining this with the expression for the Z pole mass
(m̂Z), the weak mixing angle in the BLH model can be
expressed as
sin2 θw =
1
2
(
1−
√
1− e
2v2
m̂2Z
y2mW
)
. (26)
The scaling factors important to the VBF and VH pro-
duction modes, and to the diboson decay modes (S0 →
γγ, V V ∗) are given by
yh0WW = yh0ZZ = sα+β y
2
mW
yH0WW = yH0ZZ =
cα+β
sα+β
yh0WW
yh0W ′W ′ = −sα+β
c2gs
2
gv
2
f2 + F 2
yH0W ′W ′ =
cα+β
sα+β
yh0W ′W ′ . (27)
We see that sα+β is the most important parameter con-
trolling these scaling factors and note that the coupling
to the W ′ gauge boson is suppressed at O(v2/F 2).
The heavier Higgs states, A0 andH0, may also decay to
combinations of scalar and gauge states, such as A0 →
hZ(∗) and H0 → A0Z(∗), H±W∓(∗). These couplings
do not have an equivalent expression in the SM, so we
provide the explicit BLH coupling expressions below:
gA0Zh0 = i
g
2cw
cα+β +O(v2/f2)
gH0ZA0 = −i
g
2cw
sα+β +O(v2/f2)
gH0H±W∓ = ∓
g
2
sα+β +O(v2/f2) (28)
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C. Fermion Sector
The Yukawa terms for the light fermions in the BLH
model Lagrangian take the form
L = yufQTΣU c + ydfQT (−2iT 2RΣ)Dc + h.c., (29)
where T 2R is the second component of the triplet of
SU(2)R generators corresponding to the SO(4)R sub-
group of SO(6), and performs the charge conjugation
of the Higgs fields for interactions with the down-type
quarks. This identifies the BLH model as a Type I
2HDM, with light fermion masses given by
m2f = y
2
fv
2 sin2 β
(
1− v
2
3f2
+ ...
)
. (30)
and scaling factors of the form
yh0ff¯ =
cα
sβ
− 2v
2
3f2
sα+β
yH0ff¯ = −
sα
sβ
− 2v
2
3f2
cα+β
yA0uu¯ = cotβ
(
1 +
2v2
3f2
)
yA0dd¯ = −yA0uu¯ . (31)
The following expressions give the leading order contri-
butions in terms of sα+β and tβ :
cα
sβ
= sα+β + cα+β/tβ ,
sα
sβ
= −cα+β + sα+β/tβ . (32)
The BLH model also includes a number of heavy,
vector-like quarks that act to protect the Higgs boson
mass from developing quadratic divergences from the top
quark loops. The Yukawa interactions for the heavy
fermions, which includes the top quark, take the form
given in Eq. 46 of [19]:
L = y1fQTSΣSU c + y2fQ′Ta ΣU c + y3fQTΣU ′c5 + h.c..
(33)
These couplings can be parameterized in terms of y1 and
two mixing angles, defined such that y2 = y1/ tan θ12 and
y3 = y1/ tan θ13. The value of y1 is then fixed through
the measured top quark mass.
As we showed in [35], analytic methods for determin-
ing the mass eigenstates for the heavy quarks fail in the
region where |y2 − y3| ≈ 0, due to the degeneracy be-
tween the T and T5 states. This can clearly be seen by
observing a slice of the (tan θ12, tan θ13) parameter space,
where tan θ13 = 1 − tan θ12, as in Fig. 5. As a result,
we use numerical diagonalization to determine the mass
eigenstates of the heavy quarks, and thus their coupling
to the h0, H0 and A0 states, for all values of tan θ12 and
tan θ13. Therefore, we do not provide analytic solutions
for the relevant scaling factors.
However, we can provide some insight into their con-
tributions to the Higgs production and decay. Since the
vector-like quarks (T,B, T
2/3
b , T
5/3
b , T5, T6) obtain contri-
butions to their masses proportional to f , the lowest or-
der contribution to their scaling factor is O(v/f), and
their contribution to the loops in the S0gg and S0γγ ef-
fective vertices drop off rapidly with increasing f . In
particular, the scaling factors for the B and T
5/3
b are
suppressed at O(v3/f3), making these two states effec-
tively decouple from the process. The scaling factors for
the T5 and T are the largest for the set, but with values
typically smaller than 0.02, while for the T6 and T
2/3
b
the scaling factor is suppressed by an additional factor of
about 10.
Since the top quark is generated from the heavy quark
Yukawa terms, it gets a mass proportional to v, and thus
the dependence of the scaling factor for the top quark on
β and α behaves at lowest order like those of the light
up-type quarks. This dependence on β and α, character-
istic of a Type I 2HDM, results in the most significant
deviations from the SM in the fermion contributions to
the loop interactions.
D. Parameter Survey
We use the following fixed values in our calculations
[36]:
αEM = 1/127.9
GF = 0.0000116637 GeV
−2
m̂Z = 91.1876 GeV
mt = 172.5 GeV
mb = 4.16 GeV
mτ = 1.77684 GeV
mc = 1.28 GeV
m4 = 30 GeV
m5 = 30 GeV
m6 = 30 GeV (34)
Of note, the parameters m4,5,6 are explicit symmetry
breaking mass terms in the full BLH model scalar po-
tential [19] that are small and provide a negligible con-
tribution to the interactions examined. As discussed in
[19], these parameters are introduced to break all the
axial symmetries in the Higgs potential, giving positive
masses to all scalars. In particular, the η0 state receives
a mass equal to m4 ∼ 10 GeV. Since this state couples to
top quarks and would decay predominantly to b quarks,
it may be visible in tt¯bb¯ final states. The value of m4
would strongly affect the rate for this process, but this is
not relevant for the signal strengths considered here.
To be thorough, we randomize all remaining parame-
ters in the BLH model over the ranges:
mh0 ∈ (124, 126) GeV
mA0 ∈ (mh0 , Max(mA0)) (see Eq. 36)
f ∈ (700, 3000) GeV
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FIG. 5: Slice of fermion mass plots, depending on mixing angles tan θ12 and tan θ13, corresponding to (f = 1000 GeV,
tanβ = 3.35). The point at which the heaviest state switches from the T to T5 is obvious.
F ∈ (Min(F ),Min(F ) + 4000 GeV)
tanβ ∈ (1,Max(tanβ)) (see Eq. 17)
tan θg ∈ (0, 5)
tan θ12 ∈ (0, 5)
tan θ13 ∈ (0, 5)
Kσ ∈ (1,Max(Kσ)) (see Eq. 19)
κG ∈ (0, 5)
κY ∈ (0, 5)
κS ∈ (0, 5) (35)
where
Max(mA0) =
{
700 GeV (general scenario)
128 GeV (near-degenerate scenario).
(36)
We determine Min(F ) as follows. Electroweak precision
observables (EWPO) place constraints on the mass of the
heavy gauge bosons, as a function of the heavy gauge
boson mixing angle, sin θg, as shown in [19] for a light
Higgs boson mass of 125 GeV. This lower limit on the W ′
mass in turn determines Min(F ) for each value of sin θg
via the third line in Equation 22. So the parameter sets
we generate satisfy this EWPO constraint.
Since the mass of the observed resonance is not pre-
cisely known, and especially since the ZZ∗ and γγ mass
peak values in the ATLAS measurements are distinct,
we allow the mass of the light Higgs boson to vary over
a small range. All other values are calculated from this
base set, as described in the preceding sections of this
paper.
Additionally, we separate our analysis into two sce-
narios - a “general case”, where mA0 varies up to 700
GeV, and a “near-degenerate” case, where mA0 can take
a maximum value of 128 GeV.
IV. RESULTS
Both CMS and ATLAS have now published updated
signal strengths for each given production mode and final
state using the 7 TeV and 8 TeV data. We have calcu-
lated the expected value for these signal strength ratios
in the BLH model for 60k parameter sets for each of the
general and the near-degenerate cases. Each set corre-
sponds to a point on the plots which follow. Specifically,
we calculate:
µBLHXX =
L7
∑
i
σBLHi,7 BR
BLH
XX + L8
∑
i
σBLHi,8 BR
BLH
XX(
L7
∑
i
σSMi,7 BR
SM
XX + L8
∑
i
σSMi,8 BR
SM
XX
)∣∣∣∣
mexp
h
where
BRXX =
Γ(S0 → XX)∑
Y
Γ(S0 → Y Y )
. (37)
The sum over the index i accounts for all contributing
production modes, including the A0 and H0 mediated
production. Since the signal strengths from CMS and
ATLAS are calculated based on the experimentally de-
termined best fit mass, our µ values are normalized to
the expected results for a SM Higgs boson with the mass
given in the experimental study, and are weighted by the
7 TeV and 8 TeV integrated luminosities, L7 and L8 re-
spectively. Summaries of the published results from CMS
and ATLAS can be found in Tables I and II, respectively.
While we include contributions from the A0 and H0
in our determination of the signal strength ratios, some
constraints currently exist on heavy scalars. In partic-
ular, both CMS [37] and ATLAS [38] have placed 95%
C.L. constraints on the decays of a heavy Higgs boson
to W+W−, and CMS provides 95% C.L. exclusions on
σ/σSM for the H → γγ final state for masses up to 150
12
GeV [12]. We have incorporated these results and show
parameter points that violate these constraints in light
red/pink to distinguish them from the unconstrained re-
sults.
We present our results using two different χ2 mea-
sures in Figures 6 through 26. In order to show the
BLH parameter sets that produce results in better agree-
ment with the measured data than the SM, we calculate
χ2BLH − χ2SM , where
χ2BLH/SM =
∑
i
(χ2BLH/SM )i =
∑
i
(µ
BLH/SM
i − µobsi )2
(δµobsi )
2
,
(38)
where the sum over the index i includes all channels listed
in Tables I and II and µSMi ≡ 1. This measure is em-
ployed in Figures 10, 12-19, and 26. For Figures 6-9,
11, and 20-25, we calculate an alternate measure ∆χ2,
defined as:
∆χ2 =
∑
i=γγ,WW∗
(χ2BLH)i − χ2min, (39)
where the sum in this case is only over the γγ and WW ∗
channels from Tables I and II and
χ2min = Min
 ∑
i=γγ,WW∗
(χ2BLH)i
 . (40)
This measure focuses only on the most precisely mea-
sured signal strength values in order to identify regions
of the BLH parameter space which favour either the dis-
tinctive CMS diphoton and WW ∗ results or those of AT-
LAS. The values of χ2min in the near-degenerate and gen-
eral scenarios are listed in Table III. In all figures, both
the ATLAS (right panel) and CMS (left panel) results
are included, in order to show the differences between
the ATLAS and CMS preferred regions.
A. Near-Degenerate Scenario
We define a near-degenerate scenario such that the
mass of the A0 is constrained to be within a few GeV
of the mass of the lighter scalar Higgs state (h0), which
allows it to contribute to any signal strength that involves
fermionic couplings in both the production mode (ggF,
ttH) and the decay mode (bb¯, τ+τ−, γγ and Zγ). De-
pending on the other parameters, the mass of the heav-
ier scalar Higgs state (H0) can also be nearly degenerate
with the h0, and thus also contribute significantly to the
measured signal strengths, including WW ∗ and ZZ∗. Ul-
timately, this scenario can reproduce an enhanced dipho-
ton signal strength, as measured by ATLAS, due to mul-
tiple scalar states contributing. However, at the same
time, the τ+τ− mode is also enhanced, beyond what is
experimentally observed. So the scenario is largely ruled
out. However, it remains useful as a tool to study the
contribution of the different scalar states to the various
processes.
Since several scalar fields may be contributing signif-
icantly to the diphoton production rate, it is useful to
consider the individual contribution to µγγ from each of
the h0, A0 and H0. For this purpose, we define
µγγ = µhγγ + µAγγ + µHγγ , (41)
where µSγγ includes only the cross section from the pro-
duction and decay of the stated scalar, S.
We first focus on the issue of the CMS results ver-
sus those of ATLAS. Figure 6 shows that both the more
SM-like µγγ from CMS and the excess µγγ from ATLAS
can be accommodated in the near-degenerate scenario.
Together, Figures 7, 8 and 9 provide insight into the re-
production of the data of each experiment within the
BLH parameter space, in terms of the particular scalar
states that are being produced, and in terms of the pa-
rameters sin(α + β) and tanβ. Those parameter sets
that yield results consistent with the CMS data involve
a strongly suppressed h0 contribution to the diphoton
signal strength ratio, µhγγ , as seen in the left panels of
Figures 7 and 8. The reduced h0 contribution results
from a suppression of the coupling between the h0 and
the W boson that occurs for small to moderate values of
sin(α+ β) (see equation 27 for α and β dependence), as
seen in the left panel of Figure 9. The h0 coupling to the
top quark is slightly enhanced for this range of sin(α+β)
and tanβ values, which results in destructive interference
with the gauge boson contribution to the diphoton effec-
tive coupling. The diphoton rate as measured by CMS,
which is near that of the SM, is instead understood as
predominantly a result of contributions from both the A0
and H0 decays. The WW
∗ signal strength ratio, as mea-
sured by CMS, is produced from a combination of the
decays of the h0 and H0.
The right panels of Figures 7, 8 and 9 give equiv-
alent information for the reproduction of the ATLAS
data. Here it is primarily BLH parameter sets with large
sin(α+β) and small tanβ that are favoured by the data.
This range of the parameters yield a diphoton signal ra-
tio approximately 40% due to production and decay of
the CP-odd state, A0, with an admixture of decays of the
H0 and h0 providing the rest of the contribution. The
WW ∗ production arises primarily from the h0, with a
smaller contribution from the H0, which is proportional
to cos(α+ β).
The results presented in Figures 6 through 9 only in-
clude the diphoton and WW ∗ signal rates in the χ2 mea-
sure. The picture is drastically different when accounting
for the full data set, as shown in Figure 10. Comparing
the full χ2BLH to that of χ
2
SM , it is clear that there are
almost no parameter values in which the near-degenerate
BLH model is a better fit to the data than is the SM, nor
is it even close. This is due entirely to the µττ signal
strength ratio, as shown in Figure 11. When the CP-odd
scalar field is nearly degenerate with the light Higgs bo-
son, it contributes a significant amount to the production
13
FIG. 6: Near-Degenerate Scenario: WW ∗ versus diphoton signal strength ratios, assuming a reduced ∆χ2 calculation (including
only µγγ and µWW measurements) to focus on the disparity between the CMS and ATLAS diphoton signal strength ratios.
Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.
FIG. 7: Near-Degenerate Scenario: Heavy versus light Higgs boson contributions to the diphoton signal strength ratio, assuming
a reduced ∆χ2 calculation (including only µγγ and µWW measurements) to focus on the disparity between the CMS and ATLAS
diphoton signal strength ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.
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FIG. 8: Near-Degenerate Scenario: CP-odd scalar versus light Higgs boson contributions to the diphoton signal strength ratio,
assuming a reduced ∆χ2 calculation (including only µγγ and µWW measurements) to focus on the disparity between the CMS
and ATLAS diphoton signal strength ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass
resonance.
FIG. 9: Near-Degenerate Scenario: Comparison of the sin(α + β) and tanβ parameters, assuming a reduced ∆χ2 calculation
(including only µγγ and µWW measurements) to focus on the disparity between the CMS and ATLAS diphoton signal strength
ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.
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FIG. 10: Near-Degenerate Scenario: Comparison of the sin(α+β) and tanβ parameters, using a χ2−χ2SM measure to compare
the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter points
in pink indicate an exclusion at 95% C.L. due to high mass resonance.
FIG. 11: Near-Degenerate Scenario: Comparison of the τ+τ− signal strength ratio to the diphoton ratio, assuming a reduced
∆χ2 calculation (including only µγγ and µWW measurements) to focus on the disparity between the CMS and ATLAS diphoton
signal strength ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.
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TABLE I: Summary of published Higgs boson results from CMS. Note: The quoted γγ result uses the multi-variate analysis
value, rather than the cut based analysis value.
Signal Production L7 (fb−1) L8 (fb−1) µˆ mh (GeV)
γγ[12] Inclusive 5.1 19.6 0.78+0.28−0.26 125
ZZ∗[39] Inclusive 5.1 19.6 0.91+0.30−0.24 125.8
ZZ∗[39] VBF 5.1 19.6 1.22+0.84−0.57 125.8
WW ∗[40] ggF 4.9 19.5 0.76± 0.21 125
bb¯[41] VH 5.0 12.1 1.3+0.7−0.6 125
τ+τ−[42] Inclusive 4.9 19.4 1.1± 0.4 125
τ+τ−[42] VBF 4.9 19.4 1.4± 0.6 125
TABLE II: Summary of published Higgs boson results from ATLAS.
Signal Production L7 (fb−1) L8 (fb−1) µˆ mh (GeV)
γγ[14] Inclusive 4.8 20.7 1.65+0.34−0.30 126.8
ZZ∗[43] Inclusive 4.6 20.7 1.7+0.5−0.4 124.3
WW ∗[44] ggF+VBF 4.6 20.7 1.01± 0.31 125
WW ∗[44] VBF 4.6 20.7 1.66± 0.79 125
WW ∗[44] ggF 4.6 20.7 0.82± 0.36 125
bb¯[45] VH 4.7 13.0 −0.4± 1.0 125
τ+τ−[7] Inclusive 4.6 13.0 0.7± 0.7 125
TABLE III: Values of χ2min, as defined in Eq. 40, in the
general and near-degenerate cases. These calculated values
include only the γγ and WW ∗ channels from Tables I and II.
Near-degenerate General
Experiment χ2min Experiment χ
2
min
CMS 0.001 CMS 0.007
ATLAS 0.08 ATLAS 0.11
of τ+τ− pairs. For most parameter regions producing
a signal consistent with the diphoton rates observed by
either CMS or ATLAS, the τ+τ− signal strength ratio
would need to be three to five times larger than the SM
rate, and several sigma larger than the respective mea-
sured values.
These calculations do not include the effect of inter-
ference. There are no interference effects between the
CP-even (h0 and H0) states and the CP-odd (A0) state
due to CP invariance. In the case where the heavier CP-
even state, H0, is nearly degenerate with the h0, the mass
difference between the two is typically large enough com-
pared to the corresponding boson widths that the inter-
ference effects can be neglected. This was the approach in
[20] wherein the authors point out that the experimental
mass resolutions are significantly larger than the Higgs
widths and, so, the assumption does not significantly con-
strain their analysis. Since we are democratic in our scan,
we do include some parameter points in which the mass
separation is small enough such that interference effects
should be included, however we find that the value of
µAττ , the contribution of the CP-odd scalar to the di-tau
signal strength ratio, increases for decreasing mH0−mh0 .
The region with small mH0−mh0 is thus ruled out due to
considerations of the CP-odd scalar contributions alone,
suggesting that the inclusion of interference effects will
not change our conclusions.
B. General Scenario
In the general scenario, we allow the mass of the CP-
odd scalar to vary between the mass of the light Higgs
boson and 700 GeV. Thus, there is some overlap between
the regions of parameter space explored in this and the
near-degenerate scenario. However, since the τ+τ− re-
sults exclude the entirety of the near-degenerate scenario,
the points of overlap will be greyed out in Figures 12
through 19, which are coloured based on χ2−χ2SM . This
is discussed in further detail below.
Figures 12 through 19 distinctly show that the BLH
model is a better fit to the CMS data than is the SM
for a significant portion of the parameter space, and is
a better fit to the ATLAS data than is the SM for a
smaller set of parameter points. The region of better fit
occurs for values of sin(α + β) >∼ 0.9, mA0 >∼ 200 GeV
and f >∼ 1200 GeV for CMS, as shown on the left side of
Figures 12 and 13, respectively. The right side of Figure
13 indicates that agreement between the BLH model and
ATLAS results occurs predominantly for mA0
>∼ 200 GeV
and for f >∼ 2200 GeV, with an extended region of agree-
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FIG. 12: General Scenario: Comparison of the sin(α + β) and tanβ parameters, using a χ2 − χ2SM measure to compare the
BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter points in
pink indicate an exclusion at 95% C.L. due to high mass resonance.
FIG. 13: General Scenario: Comparison of the CP-odd scalar mass, mA0 , and f parameters, using a χ
2 − χ2SM measure to
compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter
points in pink indicate an exclusion at 95% C.L. due to high mass resonance.
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FIG. 14: General Scenario: Comparison of the WW ∗ signal strength ratio to the diphoton ratio, using a χ2 −χ2SM measure to
compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter
points in pink indicate an exclusion at 95% C.L. due to high mass resonance.
FIG. 15: General Scenario: Comparison of the CP-odd scalar mass, mA0 , and tanβ parameters, using a χ
2 − χ2SM measure to
compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter
points in pink indicate an exclusion at 95% C.L. due to high mass resonance. Dashed region indicates approximate boundary
enclosing excluded (pink) points.
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FIG. 16: General Scenario: Comparison of the τ+τ− signal strength ratio to the diphoton ratio, using a χ2 − χ2SM measure to
compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter
points in pink indicate an exclusion at 95% C.L. due to high mass resonance.
FIG. 17: General Scenario: Comparison of the bb¯ signal strength ratio to the diphoton ratio, using a χ2 − χ2SM measure to
compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter
points in pink indicate an exclusion at 95% C.L. due to high mass resonance.
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FIG. 18: General Scenario: Comparison of the γZ signal strength ratio to the diphoton ratio, using a χ2 − χ2SM measure to
compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter
points in pink indicate an exclusion at 95% C.L. due to high mass resonance.
FIG. 19: General Scenario: Comparison of the ZZ∗ and WW ∗ signal strength ratios, using a χ2 − χ2SM measure to compare
the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios. Parameter points
in pink indicate an exclusion at 95% C.L. due to high mass resonance.
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ment between 1200 <∼ f <∼ 2200 GeV for parameter sets
on the lower boundary of mA0 ∼ 200 GeV. The favoured
large values of sin(α+β) for both experimental result sets
are understandable in order to achieve µWW ∼ 1, and
larger values of f reduce the contribution from higher
order terms in the expansion of v/f in the couplings.
Both the ATLAS and CMS results can be realized in
the general scenario, as is evident in Figure 14, where
we show µWW versus µγγ . Figure 15 shows that the
parameter sets which produce a value of µγγ > 1, as
in the ATLAS side of Figure 14, occur more frequently
near the boundaries of excluded regions of tanβ and
mA0 . In both the CMS and ATLAS cases, the region
with mA0
<∼ 200 GeV is mostly ruled out. This means
the A0 contribution to µττ is small for parameter points
that are allowed and makes that signal strength more
consistent with the SM, as shown in Figure 16. These
results are therefore effectively orthogonal to the near-
degenerate scenario, even though there is a small amount
of overlap between the parameter spaces generated.
To enhance the excluded (pink) points in Figure 15, a
dashed line of the approximate region enclosing the ex-
cluded points has been included. For low values of mA
(less than 250 GeV), parameter sets are excluded primar-
ily due to the constraint on A(H)→ γγ production. For
larger values of mA, the exclusion comes entirely from the
H0 →W+W− search. In the areas with overlap between
excluded and non-excluded points, there is large varia-
tion in the BR(H0 → W+W−) and σ(gg → H0) values
due to influences from the other fundamental parameters
(such as f and the scalar sector parameters), and large
variations in the total width of the H0. This allows for
many parameter sets to avoid exclusion, with sufficiently
low branching ratio or production rate, or both. The
small region of pure exclusion at approximately tanβ ∼ 3
and mA0 ∼ 380 GeV occurs due to all parameter points
having a sufficiently large production rate and branch-
ing ratio for exclusion. This results in the appearance
of an apparently isolated region with a high density of
excluded parameter sets. However, this appearance is
simply a result of the two dimensional display of values
that depend on multiple degrees of freedom in which the
excluded points are displayed as the lowest layer.
As is clear from Figures 14 (µγγ , µWW ), 16 (µγγ , µττ ),
17 (µγγ , µbb), and 18 (µγγ , µγZ), the general scenario of
the BLH model includes parameter sets that can pro-
duce signal strength ratios in better agreement with ei-
ther CMS or ATLAS than is the SM. The BLH model
also allows for the possibility of µZZ > µWW , as sup-
ported by the ATLAS measurement set and visible in
the right side of Figure 19. This occurs due to our calcu-
lation of an inclusive cross section that includes contribu-
tions from the H0, which has larger suppressions to the
W+W− branching ratio at larger masses than the ZZ.
An invariant mass windowing of 4l events would likely
exclude any excess H0 → ZZ∗ → 4l contributions, and
result in a measurement of µWW ∼ µZZ .
It remains to understand the physics underlying the en-
hancement of the diphoton rate, in agreement with the
ATLAS results, in the general scenario. It is not a re-
sult of significant contributions from the production and
decay of the other neutral Higgs bosons in the 2HDM.
While Figures 12 through 19 show the parameter sets
that are in better agreement with the experimental re-
sults than is the SM, they do not focus on the parameter
sets which best agree with the experimental values. To
examine the physics underlying the enhancement in the
ATLAS diphoton rate, we consider the reduced χ2 (∆χ2)
that includes only the µWW and µγγ values. This will
focus on the results which agree with the diphoton rate
while constraining the results to also agree with the pre-
cisely measured WW rate. In Figure 20, we plot µWW
versus µγγ . Figure 20 shows that the points in agreement
using the reduced χ2 (green points with ∆χ2 < 1) are a
subset of those that are a better fit to the data than is
the SM, as previously shown in Figure 14 (green points
with χ2 − χ2SM < 0).
We now investigate the contributions of different par-
ticles to the diphoton loop process. By separately
examining the real component of the fermion, scalar
and gauge contribution to the diphoton effective cou-
pling, Shγγ−F =
∑
f A
BLH
f,γγ , Shγγ−G =
∑
V A
BLH
V,γγ , and
Shγγ−S =
∑
S A
BLH
S,γγ respectively, as in Figures 21, 22
and 23, it becomes clear that there are two possibilities
that result in a significant enhancement of the dipho-
ton rate. As shown in Figure 21 (right panel), the con-
tribution from fermions is approximately SM-like. This
is as expected since significant deviation would also re-
sult in significant alterations of the gluon fusion effective
coupling to the Higgs. Similarly, as shown in Figure 22
(right panel), the contribution from gauge bosons is also
SM-like. The additional heavy gauge bosons of the BLH
model do not affect the results due to their large mass
and suppressed couplings. Any significant alteration of
the hWW coupling from its SM value would result in
disagreement with the µWW results.
The right panel of Figure 23 shows the most obvious
source of enhancement of the diphoton rate, as mea-
sured by ATLAS. The enhancement occurs when the
scalar contribution to the diphoton effective coupling be-
comes significant, dominated by the contribution from
the charged Higgs field, H±. The dominant component
of the diphoton effective coupling comes from the W bo-
son loop, which has a negative relative value, as do the
contributions from the charged scalars (H±, η± and φ±),
while the sum of all of the fermion loops contribute posi-
tively. Thus, enhancement of the scalar loop contribution
increases the effective coupling strength of hγγ (reduc-
tions of the contribution from fermion loops would have
a similar effect, but are not important here). We have
determined that the diphoton enhancement occurs where
the h0H
+H− coupling becomes large for large values of
λ0, corresponding to where tanβ is near the the upper
boundary of its allowed range as seen in the right panel
of Figure 24. This region lies close to the border of per-
turbativity constraints, as discussed in Eq. 17.
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FIG. 20: General Scenario: Comparison of the WW ∗ and diphoton signal strength ratios, assuming a reduced ∆χ2 calculation
(including only µγγ and µWW measurements) to focus on the disparity between the CMS and ATLAS diphoton signal strength
ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.
FIG. 21: General Scenario: Comparison of the fermion contribution to the diphoton effective coupling and the diphoton signal
strength ratio, assuming a reduced ∆χ2 calculation (including only µγγ and µWW measurements) to focus on the disparity
between the CMS and ATLAS diphoton signal strength ratios. Parameter points in pink indicate an exclusion at 95% C.L. due
to high mass resonance.
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FIG. 22: General Scenario: Comparison of the gauge boson contribution to the diphoton effective coupling and the diphoton
signal strength ratio, assuming a reduced ∆χ2 calculation (including only µγγ and µWW measurements) to focus on the disparity
between the CMS and ATLAS diphoton signal strength ratios. Parameter points in pink indicate an exclusion at 95% C.L. due
to high mass resonance.
FIG. 23: General Scenario: Comparison of the scalar contribution to the diphoton effective coupling and the diphoton signal
strength ratio, assuming a reduced ∆χ2 calculation (including only µγγ and µWW measurements) to focus on the disparity
between the CMS and ATLAS diphoton signal strength ratios. Parameter points in pink indicate an exclusion at 95% C.L. due
to high mass resonance.
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FIG. 24: General Scenario: Comparison of the CP-odd scalar mass, mA0 , and tanβ parameters, assuming a reduced ∆χ
2
calculation (including only µγγ and µWW measurements) to focus on the disparity between the CMS and ATLAS diphoton
signal strength ratios. Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.
Figure 25 also shows several parameter points which fit
the data well but do not have a significant scalar loop con-
tribution to the diphoton effective coupling. These points
correspond to a moderate contribution to the dipho-
ton rate from the production of the CP-odd scalar at
masses above 300 GeV. This is an artifact of the method
we use for calculating, which determines an inclusive
(σh0 + σH0 + σA0) cross section, but excludes parame-
ter sets only for which the heavier resonances would be
distinguishable at 95% C.L. In other words, if the heavier
resonances do not result in an exclusion, they contribute
to the total cross section calculated. Little information
was given by the experiments regarding any invariant
mass windowing incorporated into the determination of
the diphoton excess, and so we chose an inclusive cross
section calculation.
With regards to the other parameters in the model,
particularly the heavy quark mixing angles, θ12 and θ13,
and heavy gauge boson mixing angle, θg, no constraints
can be placed with the existing data. This is because
these states do not get a large component of their mass
from the Higgs vacuum expectation value, and so they do
not contribute significantly to the loop factors. In Fig-
ure 26, we show, as an example, the T6 mass versus f .
The only constraint that can be determined is an over-
all mass constraint arising directly from the constraint
on f . In particular, the minimum heavy quark mass as
determined from the Higgs data is approximately 300
GeV - the precise value of which is unimportant, as di-
rect constraints from pair production searches for heavy
vector-like quarks rule out much heavier states [46, 47].
V. SUMMARY
The BLH model provides, in principle, a rich source of
phenomenology. Apart from incorporating a two Higgs
doublet model, it includes additional scalar triplets,
heavy gauge bosons, and a set of six new heavy quarks.
In this paper, we have investigated whether the model in-
cludes parameter sets that are consistent with the Higgs
boson signal strength ratios recently measured by the
CMS and ATLAS experiments. We have used a couple of
χ2 measures, one to compare the fit of the BLH model to
the data relative to that of a SM fit and another to iden-
tify regions of BLH model parameter space favoured by
the results of the two experiments. As described above,
we have found that the BLH model can reproduce the
results of either experiment but primarily via modifica-
tions to the couplings of top quarks to the Higgs states
and through the contributions of additional scalar states
in the context of a 2HDM. As a 2HDM, the BLH model
provides two possible scenarios: the general case in which
a single Higgs state dominates contributions to the sig-
nal strength ratios, and the near-degenerate case in which
multiple Higgs states contribute to the observed results.
At this time, the experimental data remains statisti-
cally limited and there remain discrepancies between the
central values of the CMS and ATLAS results. However,
using the full set of measured signal strength ratios, we
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FIG. 25: General Scenario: Comparison of the pseudoscalar contribution to the diphoton signal strength ratio to the light
Higgs boson contribution, assuming a reduced ∆χ2 calculation (including only µγγ and µWW measurements) to focus on the
disparity between the CMS and ATLAS diphoton signal strength ratios. Parameter points in pink indicate an exclusion at 95%
C.L. due to high mass resonance.
FIG. 26: General Scenario: Comparison of the mass of the T6 heavy vector-like quark to the f parameter, using a χ
2 − χ2SM
measure to compare the BLH model predictions to the SM predictions, including the full set of measured signal strength ratios.
Parameter points in pink indicate an exclusion at 95% C.L. due to high mass resonance.
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find that the BLH model in the near-degenerate scenario
is a worse fit to the data of each experiment than is the
SM for almost all parameter sets. This is a consequence
of a large enhancement of the µττ signal strength by the
contribution of the CP-odd scalar state nearly degenerate
with the light Higgs boson. In this scenario, for parame-
ter sets consistent with the observed diphoton rates, µττ
is predicted to be three to five times larger than its SM
value, and several sigma larger than the value measured
by CMS or ATLAS. Consequently, a precise measurement
of µττ will be sufficient to exclude the near-degenerate
scenario in the BLH model.
On the other hand, large regions of the general BLH
parameter space provide a better fit to the experimental
results than does the SM. This corresponds to sin(α +
β) >∼ 0.9 in order to achieve µWW ∼ 1, while f >∼ 1200
GeV is necessary such that higher order corrections in
the expansion in v/f do not reduce couplings between
the t quark and h0, and the W boson and h0. A CP-
odd scalar mass of mA >∼ 300 GeV is favoured, resulting
in a value of µττ that is consistent with the SM. These
rather general constraints provide good agreement with
the CMS diphoton results, allowing a large range of tanβ
and mA values. The signal strength ratios are produced
primarily through the light Higgs boson with approxi-
mately SM-like couplings.
Due to the enhancement of the overall scalar and CP-
odd scalar production for 130 <∼ mA <∼ 300 GeV, much
of this region of parameter space is already directly ruled
out at 95% C.L. by heavy Higgs searches in the WW and
γγ channels. Additionally, all parameter regions of the
BLH model predict the values of µWW and µZZ to be
similar, such that the entirety of the BLH model would
be excluded if the difference in the µZZ and µWW results
becomes statistically significant to the degree currently
measured by ATLAS.
It is possible to reproduce the ATLAS µγγ measure-
ment with a SM-like µττ in the BLH model, but for a
restricted space of parameter sets. The physical origin
of the enhancement of the diphoton rate is a significant
enhancement of the charged Higgs field (H±) contribu-
tion to the diphoton loop. The diphoton enhancement
occurs for maximal values of tanβ, where the h0H
+H−
coupling becomes large.
More accurate measurements, including the bb¯, τ+τ−
and Zγ final states, with higher luminosity will be crucial
to determining the status of the BLH model, and for de-
termining the values of the scalar sector parameters. The
2HDM sector of the BLH model is likely its most acces-
sible aspect, with fairly light CP-odd and, consequently,
charged Higgs states allowed. Discovery and measure-
ment of heavy quark partners can lead to further con-
straints on the value of the scale f , as discussed in [35].
However, in the BLH model, measurements of the mass
and branching ratios of the lightest heavy quark partner
is insufficient to significantly constrain the value of f , due
to the presence of degenerate states and the involvement
of the two mixing angles, tan θ12 and tan θ13. In [48],
it was shown that measurement of several of the heavy
quark masses is needed to isolate the value of the scale f
from the values of the heavy quark mixing angles.
Acknowledgments
The authors would like to thank Heather Logan,
Thomas Gre´goire, Stephen Godfrey, Michael Spira, and
Peter Winslow for guidance and assistance in this project.
The authors would also like to apologize to M. Schmaltz,
D. Stolarski and J. Thaler for not using the full name of
their model from [19] in our work. This research was sup-
ported in part by the Natural Sciences and Engineering
Research Council of Canada.
[1] G. Aad et al. [ATLAS Collaboration], “Observation of a
new particle in the search for the Standard Model Higgs
boson with the ATLAS detector at the LHC,” Phys. Lett.
B 716, 1 (2012) [arXiv:1207.7214 [hep-ex]].
[2] S. Chatrchyan et al. [CMS Collaboration], “Observation
of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC,” Phys. Lett. B 716, 30 (2012)
[arXiv:1207.7235 [hep-ex]].
[3] [ATLAS Collaboration], “An update of combined mea-
surements of the new Higgs-like boson with high mass
resolution channels,” ATLAS-CONF-2012-170.
[4] [CMS Collaboration], “Combination of standard model
Higgs boson searches and measurements of the properties
of the new boson with a mass near 125 GeV,” CMS-PAS-
HIG-13-005.
[5] K. Cheung, J. S. Lee and P. -Y. Tseng, “Higgs Preci-
sion (Higgcision) Era begins,” JHEP 1305, 134 (2013)
[arXiv:1302.3794 [hep-ph]].
[6] [ATLAS Collaboration], “Observation and study of the
Higgs boson candidate in the two photon decay channel
with the ATLAS detector at the LHC,” ATLAS-CONF-
2012-168.
[7] [ATLAS Collaboration], “Search for the Standard Model
Higgs boson inH → ττ decays in proton-proton collisions
with the ATLAS detector,” ATLAS-CONF-2012-160.
[8] [ATLAS Collaboration], “Observation of an excess of
events in the search for the Standard Model Higgs bo-
son in the H → ZZ∗ → 4l channel with the ATLAS
detector,” ATLAS-CONF-2012-169.
[9] [CMS Collaboration], “Combination of standard model
Higgs boson searches and measurements of the properties
of the new boson with a mass near 125 GeV,” CMS-PAS-
HIG-12-045.
[10] [CMS Collaboration], “Updated results on the new boson
discovered in the search for the standard model Higgs
boson in the ZZ to 4 leptons channel in pp collisions at√
s = 7 and 8 TeV,” CMS-PAS-HIG-12-041.
[11] [CMS Collaboration], “Higgs to tau tau (SM) (HCP),”
27
CMS-PAS-HIG-12-043.
[12] [CMS Collaboration], “Updated measurements of the
Higgs boson at 125 GeV in the two photon decay chan-
nel,” CMS-PAS-HIG-13-001.
[13] [ATLAS Collaboration], “Combined coupling measure-
ments of the Higgs-like boson with the ATLAS detec-
tor using up to 25 fb−1 of proton-proton collision data,”
ATLAS-CONF-2013-034.
[14] [ATLAS Collaboration], “Measurements of the properties
of the Higgs-like boson in the two photon decay channel
with the ATLAS detector using 25 fb−1 of proton-proton
collision data,” ATLAS-CONF-2013-012.
[15] J. Reuter and M. Tonini, “Can the 125 GeV Higgs be the
Little Higgs?,” JHEP 1302, 077 (2013) [arXiv:1212.5930
[hep-ph]].
[16] X. -F. Han, L. Wang, J. M. Yang and J. Zhu, “Lit-
tle Higgs theory confronted with the LHC Higgs data,”
arXiv:1301.0090 [hep-ph].
[17] L. Wang, J. M. Yang and J. Zhu, “Dark matter in little
Higgs model under current experimental constraints from
LHC, Planck and Xenon,” arXiv:1307.7780 [hep-ph].
[18] J. Reuter, M. Tonini and M. de Vries, “Littlest Higgs
with T-parity: Status and Prospects,” arXiv:1310.2918
[hep-ph].
[19] M. Schmaltz, D. Stolarski and J. Thaler, “The Bestest
Little Higgs,” JHEP 1009, 018 (2010) [arXiv:1006.1356
[hep-ph]]. We apologize to these authors for not using the
full name of their model in our work.
[20] P. M. Ferreira, R. Santos, H. E. Haber and J. P. Silva,
“Mass-degenerate Higgs bosons at 125 GeV in the Two-
Higgs-Doublet Model,” Phys. Rev. D 87, 055009 (2013)
[arXiv:1211.3131 [hep-ph]].
[21] N. Bonne and G. Moreau, “Reproducing the Higgs boson
data with vector-like quarks,” Phys. Lett. B 717, 409
(2012) [arXiv:1206.3360 [hep-ph]].
[22] J. F. Gunion, H. E. Haber, G. L. Kane and S. Dawson,
“The Higgs Hunter’s Guide,” Front. Phys. 80, 1 (2000).
[23] R. Martinez, M. A. Perez and J. J. Toscano, “The Two
Photon Decay Width Of The Higgs Boson In Left-Right
Symmetric Theories,” Phys. Rev. D 40, 1722 (1989).
[24] T. Han, H. E. Logan, B. McElrath and L. -T. Wang,
“Loop induced decays of the little Higgs: H → gg, γγ,”
Phys. Lett. B 563, 191 (2003) [Erratum-ibid. B 603, 257
(2004)] [hep-ph/0302188].
[25] S. Dittmaier et al. [LHC Higgs Cross Section Working
Group Collaboration], “Handbook of LHC Higgs Cross
Sections: 1. Inclusive Observables,” arXiv:1101.0593
[hep-ph].
[26] W.-Y. Keung and W. J. Marciano, “Higgs Scalar Decays:
H →W± +X,” Phys. Rev. D 30, 248 (1984).
[27] [CMS Collaboration], “Search for the Standard Model
Higgs boson in the H → Zγ decay mode with pp colli-
sions at
√
s = 7 and 8 TeV,” ATLAS-CONF-2013-009.
[28] [CMS Collaboration], “Search for the standard model
Higgs boson in the Z boson plus a photon channel in pp
collisions at
√
s = 7 and 8 TeV,” CMS-PAS-HIG-13-006.
[29] A. Djouadi, “The Anatomy of electro-weak symmetry
breaking. I: The Higgs boson in the standard model,”
Phys. Rept. 457, 1-216 (2008) [hep-ph/0503172].
[30] A. Djouadi, “The Anatomy of electro-weak symmetry
breaking. II. The Higgs bosons in the minimal super-
symmetric model,” Phys. Rept. 459, 1-241 (2008) [hep-
ph/0503173].
[31] A. Djouadi, J. Kalinowski and P.M. Zerwas, “Two- and
Three-Body Decay Modes of SUSY Higgs Particles,” Z.
Phys. C 70, 435-448 (1996) [hep-ph/9511342].
[32] A. Djouadi, J. Kalinowski and M. Spira, “HDECAY:
a program for Higgs boson decays in the Standard
Model and its supersymmetric extension,” Comput.
Phys. Comm. 108, 56-74 (1998) [hep-ph/9704448].
[33] S. Kanemura, Y. Okada, E. Senaha and C.-P. Yuan,
“Higgs coupling constants as a probe of new physics,”
Phys. Rev. D 70, 115002 (2004) [hep-ph/0408364v2].
[34] D. Eriksson, J. Rathsman and O. Stal, “2HDMC:
Two-Higgs-Doublet Model Calculator Physics and Man-
ual,” Comput. Phys. Commun. 181, 189 (2010)
[arXiv:0902.0851 [hep-ph]].
[35] S. Godfrey, T. Gregoire, P. Kalyniak, T. A. W. Martin
and K. Moats, “Exploring the heavy quark sector of the
Bestest Little Higgs model at the LHC,” JHEP 1204,
032 (2012) [arXiv:1201.1951 [hep-ph]].
[36] J. Beringer et al. (Particle Data Group), “Review of Par-
ticle Physics,” Phys. Rev. D 86, 010001 (2012).
[37] S. Chatrchyan et al. [CMS Collaboration], “Search for
a standard-model-like Higgs boson with a mass in the
range 145 to 1000 GeV at the LHC,” Eur. Phys. J. C 73,
2469 (2013) [arXiv:1304.0213 [hep-ex]].
[38] The ATLAS collaboration, ATLAS-CONF-2013-067.
[39] [CMS Collaboration], “Properties of the Higgs-like boson
in the decay H → ZZ → 4l in pp collisions at √s = 7
and 8 TeV,” CMS-PAS-HIG-13-002.
[40] [CMS Collaboration], “Evidence for a particle decaying
to W+W− in the fully leptonic final state in a standard
model Higgs boson search in pp collisions at the LHC,”
CMS-PAS-HIG-13-003.
[41] [CMS Collaboration], “Search for the standard model
Higgs boson produced in association with W or Z bosons,
and decaying to bottom quarks for HCP 2012,” CMS-
PAS-HIG-12-044.
[42] [CMS Collaboration], “Search for the Standard-Model
Higgs boson decaying to tau pairs in proton-proton col-
lisions at
√
s = 7 and 8 TeV,” CMS-PAS-HIG-13-004.
[43] [ATLAS Collaboration], “Measurements of the properties
of the Higgs-like boson in the four lepton decay channel
with the ATLAS detector using 25 fb−1 of proton-proton
collision data,” ATLAS-CONF-2013-013.
[44] [ATLAS Collaboration], “Measurements of the proper-
ties of the Higgs-like boson in the WW (∗) → `ν`ν de-
cay channel with the ATLAS detector using 25 fb−1 of
proton-proton collision data,” ATLAS-CONF-2013-030.
[45] [ATLAS Collaboration], “Coupling properties of the new
Higgs-like boson observed with the ATLAS detector at
the LHC,” ATLAS-CONF-2012-127.
[46] S. Chatrchyan et al. [CMS Collaboration], “Inclusive
search for a vector-like T quark with charge 2/3 in pp
collisions at
√
s=8 TeV,” arXiv:1311.7667 [hep-ex].
[47] The ATLAS collaboration, “Search for pair production
of heavy top-like quarks decaying to a high-pT W boson
and a b quark in the lepton plus jets final state in pp
collisions at
√
s = 8 TeV with the ATLAS detector,”
ATLAS-CONF-2013-060.
[48] T. A. W. Martin, “Examining Extra Neutral Gauge
Bosons in Non-Universal Models and Exploring the Phe-
nomenology of the Bestest Little Higgs Model at the
LHC”, Ph.D. Thesis, Carleton University (2012).
